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In this work, four surfactant-like humic acids (HAs) obtained
fromgarden lignocellulosewastesandkitchen foodwastesmixed
with garden-lignocellulose wastes, both before and after
composting, were tested for surfactant properties and the
ability to solubilize tetrachloroethene (PCE). The waste-derived
HAs showed good surfactant properties, lowering the water
surface tension from 74 mN m-1 to 45.4 ( 4.4 mN m-1, with a
critical micelle concentration (CMC) of 1.54 ( 1.68 g L-1,
which is lower than many synthetic ionic surfactants. CMC
was affected by both waste origin and composting processes.
The addition of food waste and composting reduced CMC
by adding alkyl-C (measured by CP MAS 13C NMR) and N- and
S-HAcontents (amidemolecules), so thatamultistep regression
was found [CMC ) 24.6 - 0.189 alkyl C - 2.64 (N + S); R2
) 0.77, P < 0.10, n ) 6]. The four HAs solubilized PCE at the
rate of 0.18–0.47 g PCE/g aqueous biosurfactant. These results
were much higher than those reported in the literature for a
commercial HA (0.026 g/g), but they were in line with those
measured in this work for nonionic surfactants such as Tween-
80 (0.69 g/g) and Triton X-100 (1.08 g/g).
Introduction
Surfactants are molecules characterized by a polar headgroup
and a nonpolar hydrocarbon tail so that molecules assume
amphiphilic characteristics. At low concentration, surfactants
exist as monomers, but these monomers concentrate at
interfaces (e.g., water–air) as surfactant concentration in-
creases (1). At higher concentrations, the free energy of the
system can be reduced by the aggregation of the surfactants
molecules into micelles (2) with the hydrophobic group
located in the center (hydrophobic core) of the cluster and
hydrophilic headgroup toward the aqueous solvent (hydro-
philic shell) (3). This hydrophobic core gives micelles the
ability to enhance the aqueous solubility of hydrophobic
organic compounds increasing their apparent solubility (1).
The concentration at which the micelle formation occurs
is defined as the critical micelle concentration (CMC). The
CMC is an important parameter for pollutant solubilization
as a lower CMC equates to a lower concentration required
to initiate solubilization of hydrophobic compounds because
of micelle formation.
Synthetic surfactants are a diverse group of petroleum-
derived chemicals that are designed to have cleaning or
solubilization properties (3). Because of their synthetic origin,
surfactants can be resistant to biodegradation, persist in the
environment, and affect organisms in the environment (3).
On the other hand, the development of surfactants taken
directly from a natural source (called biobased surfactants
or natural surfactants) (4) is fascinating and allows the
development of environmentally friendly surfactant-based
technologies (5). Some natural substances can have surfactant
properties, and they are designated natural (or biobased)-
surfactants (4). Natural surfactants, such as fatty acid esters
of sugars and fatty acid esters or amides of amino acids, have
been proposed for different applications (4, 6). Rhamnolipids
produced by Pseudomonas sp. have shown good surfactant
properties and have been used to enhance the solubility of
tetrachloroethene (PCE) (7) and other organic pollutants (8).
Tetrachloroethene (PCE) is used in a variety of commercial
and industrial applications and represents one of the most
commonly identified organic contaminants in groundwater
(9). This solvent has been associated with both acute and
chronic human-health problems (9, 10). In addition, natural
biotic and abiotic transformations of this solvent lead to the
production of toxic intermediates (11). Despite the extent of
this contamination problem, consistently successful reme-
diation techniques have not been developed (12).
Tetrachloroethene is denser than water (density of 1.67
kg m-3) and an aqueous phase liquid (DNAPL) that is a
persistent groundwater contaminant due to its low aqueous
solubility (PCE water solubility of 0.15 g L-1) and slow rate
of dissolution (13). Because surfactants are able to increase
the solubility of DNAPLs they have the potential to enhance
PCE remediation technologies (12). Surfactant-enhanced
aquifer remediation (SEAR) of PCE is a technology that is
becoming based on a variety of water treatment and acquifer/
soil remediation processes (5).
Humic acids (HA), widespread in water and soil, are
natural amphiphilic molecules with hydrophilic portions
composed of both ionic groups (RsCOO-) and nonionic
groups (RsOH), and hydrophobic portions composed of
aliphatic chains and aromatic rings. HAs have shown
surfactant activity and have been used to solubilize a variety
of organic compounds (14, 15), although data relative to PCE
solubilization are very scarce. PCE has been reported to have
a solubility of 0.026 g for each gram of commercial-HAs
(Aldrich), but this value is 2-30 times lower than those
obtained by using synthetic surfactants (16).
To our knowledge, all previous reports of solubilization
of organic compounds with HAs have used commercial HAs
(Aldrich) or HAs extracted from soil and water organic matter.
However, the cost of the commercial products, the low
capability to solubilize PCE, and the very low yields (mg of
HAs extracted per g of parent material dry matter) of HAs
extracted from natural sources limit their potential use in
SEAR technologies. However, HAs with surfactant properties
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also can be obtained from composted agro-industrial and
municipal organic wastes (17). This prospect is attractive as
organic wastes have no-cost, are widely available, and the
HA yield may be 10s greater than those from natural sources.
In our previous research, we isolated a HA from composted
organic waste at a yield of 12% of waste dry matter (dm) (17).
No investigation was made into a possible environmental
application of this HA, but the low CMC detected 1-4 orders
of magnitude lower than those of synthetic anionic surfac-
tants (17) that suggested further investigation into the
application of this new class of biobased-surfactants in
environmental technologies.
Waste-derived HAs have characteristics that depend on
the raw materials used. Moreover composting processes
modify HAs as a consequence of both degradation and
humification of the organic matter contained in the waste
(18). Thus, our approach was to study two different wastes:
(1) garden lignocellulose wastes, and (2) garden lignocellulose
wastes combined with kitchen food waste. The addition of
food waste was expected to increase the total content of the
alkyl carbon and protinaceous material of HA because of
their high contents in the parent material. On the other hand,
composting processes were expected to reduce the content
of the O-alkyl fractions concentrating both aromatic fractions
because of degradation processes (18). All these modifications
could affect the surfactant properties of HAs.
The objective of this work is to describe for the first time
the effects of both waste composition and composting process
on the surfactant properties of waste-derived HAs. Moreover
the ability of extracted HAs to solubilize PCE was studied in
comparison with synthetic surfactant.
Experimental Section
CompostingProcess.The raw material from source separate
collection, garden lignocellulose (designated L), and garden
lignocellulose plus kitchen food wastes (designated LF) were
sampled from a facility located in Cologno Monzese urban
area, near Milano (North Italy). Macromolecular composi-
tions of raw materials before and after composting are
reported in Supporting Information Table S1. Ten kilograms
of wet weight of the two raw materials were composted for
15 days by using a self-heating 30 L laboratory-scale
composter (19).
IsolationofHumicAcid.Humic acids were extracted from
the two organic wastes, before and after composting, with
aqueous 0.1 mol L-1 NaOH and 0.1 mol L-1 Na4P2O7, using
1:50 w/v organic wastes/solution ratio and successively
precipitated at pH <1.5 as previously described (17).
ChemicalCharacterizationofHAs.Micro analytical data
(C, H, N, S, and O contents) were obtained by C. Erba (Rodano,
Milan, Italy) NA-2100 elemental analyzer. Oxygen was
calculated by difference to 100. Molecular weight measure-
ments were carried out by high pressure size exclusion
cromatography (HPSEC) using a Waters Protein Pak 125
column (porous silica, 7.8 mm × 30 cm), a Waters 1500 series
HPLC pump, a Waters 2487 dual λ absorbance detector at
254 nm, and TRIS (tris-hydroxymethylaminomethane)-
phosphate 75 mmol L-1 eluent at pH 7.2, 1 mL min-1 flow
rate. The following materials were used as calibration
standards: polystyrene sodium sulfonates with 70 000–
35 000–18 000–4600 Da. The HAs were dissolved in water
containing 0.01 mol L-1 NaOH e 150 mmol L-1 TRIS to yield
a 2 mg mL-1 HAs solution which (20 µL) was injected into
the silica column. The 1H NMR spectrum for HAs in 3 mol
L-1 NaOD D2O solution was recorded on a Bruker AMX 300
(B0 ) 9.4 T, 1H operating frequency 399.78 MHz). CP MAS
13C NMR spectra were acquired at 10 MHz on a Bruker AMX
600 spectrometer. The pulse repetition rate was set at 0.5 s
and the contact time at 1 ms.
HAs Surface TensionMeasurements. Surface tension (γ,
mN m-1) measurements of aqueous solutions containing
HAs at variable concentration (HAs ) 0.005–15 g L-1) at pH
7 corrected by the addition of 0.1 mol L-1 NaOH, were carried
out at 25 °C with a du Nouy ring tensiometer (model 21
Fisher Tensiomat, Fisher Scientific, Pittsburgh, PA) (20). Each
experiment was performed in quadruplicate. The surface area
occupied by a HA molecule was determined by using the
Gibbs equation for a dilute solution (21).
PCESolubilityMeasurements.One mL of pure PCE (99%
pure, density 1670 kg m-3) was equilibrated for 72 h in 5 mL
vials with solutions at concentrations in the (1–10 g L-1) of
Tween-80, Triton X-100, and HA surfactants. HA solutions
were prepared at pH 7 by the addition of the proper amount
of 0.1 mol L-1 NaOH. Separate tests showed that 72 h was
sufficient for equilibrium of the batch systems to be reached
and confirmed also that volatilization in the batch reactors
were negligible. All samples were prepared in triplicate. The
supernatant was sampled (1 mL), and diluted with isopropyl
alcohol (1 mL), an aliquot of the mixture was analyzed by
GC-FID (Perkin-Elmer, Norwalk, CT) with initial temperature
at 60 °C for 2 min, then increased to 160 at 20 °C min-1 and
remained there for 1 min.
Transmission Electronic Microscopy (TEM). TEM- 400
mesh copper grids were coated with collodion film and a
thin layer of carbon film (<10 nm), deposited by evaporation
(22). Grids were then ionized by glow discharge and im-
mediately layered onto a drop of HA suspension, deposited
on parafilm for 30–60 s. The suspension was drained out
from the grids with filter paper, without allowing them to
dry. Staining was performed adding a drop of 5% ammonium
molibdate, pH 7, in 2% trehalose water solution, or, alter-
natively, of 2% Uranyl acetate in water, and draining out the
excess of staining, as above. Grids were examined with a Jeol
100 SX TEM, operating at 100kV, with a precooled specimen
chamber.
Results and Discussion
Surfactant Properties of Humic Acids. Humic acids (ash
content below 1% w/w) were extracted from parent materials
before and after 15 days of composting at a yield of 6.98 (
0.46% of dry matter (dm) (mean ( SD, n ) 3), 8.14 ( 0.1%
of dm, 8.75 ( 0.21% dm and 8.07 ( 0.17% of dm from L
(HAL), and composted L (HALC), and LF (HALF) and composted
LF (HALFC), respectively.
HA aqueous solutions at concentrations from 0.005 to
15 g L-1, and adjusted to pH 7 by adding NaOH 0.1 mol L-1
(16), were used to measure the ability of HAs to reduce surface
tension. Results (Figure 1) showed that the solution surface
tension decreased as HA concentration increased until at
some point the diminishing became less marked (Figure 1)
(23, 17). This point represents the HA CMC (otherwise
identified as the aggregation concentration) (24). At this point,
the surface tension of water was reduced from 74 mN m-1
to 45.4 ( 4.4 mN m-1 (mean ( SD, n ) 4) (Table 1). This
value is comparable with that of synthetic surfactants such
as Tween 80 (41 mN m-1) (25) and sodium dodecyl sulfate
(39.5 mN m-1) (17) but higher than that of other synthetic
surfactants such as Triton X 100 (30 mN m-1) (25). The surface
area occupied by HA molecules (Table 1) is inversely related
to surface tension reduction, as lower surface area cor-
responded to an increased amount of HA at the water–air
interface (17) and greater reduction in surface tension
(Figure 1).
The CMC is an important parameter to describe a
surfactant as it defines the surfactant concentration at which
solubility ability increase as consequence of the micelle
formation. For each HA, CMC was calculated from the
intersection of the two lines describing premicellar and
postmicellar regimes (17) (Figure 1). CMCS were quite diverse
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for the different HAs (Table 1), with an average value of 1.54
( 1.68 g L-1 (mean( SD,n) 4). This result is very interesting
because it suggests that one could modify the HA surfactant
properties by changing the waste mixture and using com-
posting biotechnology.
Simply adding food waste to the lignocellulose reduced
CMC by a factor of 8.6 (Table 1). On the other hand,
composting reduced CMC only for lignocellulose wastes
(Table 1). CMCs obtained for HAs from organic wastes were
lower than those reported for both commercial HAs and HAs
from natural sources (Table 1) and comparable to the CMC
of 0.403 g L-1 detected in our previous work for HAs derived
from composted organic waste (17).
1H NMR and 13C CPMAS NMR suggested HAs from
lignocelluloses contained less aliphatic hydrocarbon and
more O and N aliphatic and aromatic carbons than HAs from
lignocelluloses plus food wastes (Supporting Information
Tables S2 and S3). These different characteristics of HAs were
the consequence of the different composition of the parent
materials (Table S1) from which the HAs were extracted.
Nevertheless, composting did not significantly affect the
average chemical composition of HAs (Tables S2 and S3).
CMC has been reported to be affected by molecule hydro-
phobicity and hydrophilicity (23). Moreover, a higher content
of carboxylic groups allowing an extensive H bonding with
water hampers the development of amphiphilic character-
istics of HAs increasing the CMC (26). Hydrophobic/
hydrophilic carbon ratio (Hydrophobic degree)Hb/Hi) (Hb/
Hi ) 1.49 ( 0.11; mean ( SD, n ) 4) (see Supporting
Information Table S4) calculated from 13C CP MAS NMR data
(27) and the content of sCOOH groups (sCOOH ) 3.51 (
0.26 meq g-1 HAs; mean ( SD, n ) 4) calculated from 13C
CP MAS NMR and micro analytical data (17) (see Supporting
Information Tables S3, and S5) were very similar for all HAs
studied. Thus, at pH 7, we concluded that average HA-
characteristic did not affect CMC. Nevertheless, the nature
of HAs is complex and sometimes there is no agreement
among researchers about their structure (28). Only recently
have researchers agreed that HAs are composed of low
molecular weight (MW) hydrophobic and amphiphilic com-
pounds derived from the degradation and decomposition of
dead biological material (lignin, polysaccharides, lipids, and
peptides), arranged in supramolecular structures (28). These
structures at pH 7 are stabilized by dispersive hydrophobic
forces (van der Waals, π-π, and CH-π bonding) and
hydrogen bonds (29). Therefore if synthetic surfactants are
FIGURE 1. Surface tension versus humic acid (HA) concentration (mg L-1). CMC was calculated from the intersection of the
premicellar and postmicellar straight lines (see ref (17)).
TABLE 1. CMC and surface tension values of humic acids
(HAs) studied in this work in comparison with previous data
and commercial-HA
surfactant
critical micelle
concentration
(g L-1)
γCMC
(mN m-1)
surface area
occupied by
HA molecule
(Å2)
HA yield
(% dry matter)
(mean ( SD,
n ) 3)
data from this work
HALa 4.04 43.5 65.91 6.99 ( 0.47
HALCb 0.999 50.4 55.37 8.15 ( 0.10
HALFc 0.471 40.8 37.98 8.75 ( 0.21
HALFCd 0.665 47.6 57.98 8.08 ( 1.79
data from literature
HALFCe 0.403 36.1 32.73–589 n.a.f
HAcommercialg 7.4 50 n.a. n.a.
a Humic acids obtained from lignocelluloses wastes.
b Humic acids obtained from lignocelluloses wastes, after
15 days of composting process. c Humic acids obtained
from lignocelluloses plus food wastes in the ratio of 1/1 (v/
v). d Humic acids obtained from lignocelluloses plus food
wastes in the ratio of 1/1 (v/v), after 15 days of composting
process. e Humic acids obtained from food residues and
public parks green wastes in the ratio of 1/1 (v/v), after 15
days of composting process (17). f Data not available.
g Humic acids from Aldrich (31).
2620 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 42, NO. 7, 2008
composed of amphiphilic molecules which, at concentrations
lower than CMC, exist as monomers (23), HAs consist of a
mixture of organic molecules forming amphiphilic aggregates
at concentrations below CMC. Consistent with this under-
standing, TEM images of HALFC performed at concentration
less than CMC (0.4 × CMC) showed relatively uniform small
globular particles of about 10 nm, usually aggregated in 3–5
units in different aggregation patterns (Figures 2a and b).
Above CMC, HAs cluster forming larger aggregates. TEM
images of HALFC solution at a concentration higher than CMC
(4 × CMC) showed homogeneous particles of about 70–100
nm (Figure 2b), intermingled with the 10 nm subunits visible
in Figure 2a. In some instances it was apparent that the larger
aggregates were formed by the 10 nm subunits.
At pH 7, the HA MWs, characterized by high performance
size exclusion chromatography (HPSEC) were 13 986 ( 435
Da (mean ( SD, n ) 3), 16 632 ( 444 Da, 16 331 ( 554 Da
and 17 376 ( 951 Da for HAL, HALC, HALF and HALFC,
respectively (Supporting Information Table S6). Polydisper-
sity indexes ranged from 7.7 to 9.5. These MWs represent the
average MW of HA-aggregates and can thus be considered
as a measure of the tendency of simple molecules to associate
into HA-aggregates (29).
The lowest-MW HAL had the highest CMC (see Table S6
and Table 1). On the other hand, a commercial HA char-
acterized by a lower MW (4100 Da) (30) than the HAs studied
here had a very high CMC (7.4 g L-1) (31). Using data for HAs
from this and previous work (17), and commercial-HAs
(Aldrich) (30) (see Table S6), MW and CMC were found to
be strongly linearly correlated (r ) 0.92; P < 0.05, n ) 6).
Therefore, we conclude that, although average chemical
composition of HAs cannot be used to infer CMC, average
MW detected by HPSEC at pH 7 could be a measure of the
tendency of HAs to aggregate. The size of the HA aggregates
has been reported to be related to the nature of the molecules
in the aggregates (29). These considerations suggest that any
prior recommendations to use average analytical data (e.g.,
NMR, elemental analysis, acidity etc.) to predict surfactant
properties (CMC) of HAs should be reconsidered (17) and
that surfactant properties should be correlated to the kind
of molecules composing the HA aggregates. Fractionation of
HAs in low MW aggregates (29) indicated that larger molecular
size fractions were mainly composed of alkyl chains, whereas
lower MW fractions were increasingly richer in aromatic and
more polar groups including carbohydrates. Therefore, we
can asses that adding food waste to the lignocelluloses
increased the alkyl chain content, as revealed by 1H NMR,
13C CP MAS NMR (see Tables S2 and S3) and C/H ratio
calculated from micro-analytical data (see Table S5), and
contributed to the greater tendency of HAs to cluster, as
revealed by both higher average MW and lower CMC detected
for HAs derived from lignocelluloses plus food wastes. A
higher content of alkyl chains increases the hydrophobicity
of a HAs, and increases the free energy of the water/
surfactant-like system that can be reduced anticipating the
process of micellization (23).
Moreover, composting also contributed to compositional
changes in HAs. Elemental analysis (see Table S5) showed,
after composting, an increase of the contents of both N and
S, indicating higher presence of amide molecules of probably
microbial origin (18). Amides have been reported to be
incorporated in the aggregate/micelle thus lowering CMC.
Amide molecules are probably adsorbed at the outer portion
of the micelle, close to the water-micelle interface reducing
the work required for micellization as a consequence of the
reduction of the mutual repulsion of the polar groups
(sCOO-) of HA (23).
These findings are supported by a multiple linear regres-
sion for CMC versus alkyl-C and N+ S contents [CMC) 24.6
– 0.189 alkyl C - 2.64 (N + S); R2 ) 0.77, P< 0.10, n) 6] that
was determined from data from this and previous works (17)
and from commercial-HAs (Aldrich) (32) (Tables S3 and S5).
Solubilization of PCE by Humic Acids. When 1 mL of
PCE (99% + pure, density of 1670 kg m-3) was equilibrated
(∼72 h) with 4 mL of HA solution, the apparent PCE solubility
increased linearly (R2 of 0.995, 0.982, 0.988, and 0.998 for
HAL, HALC, HAFL, and HALFC, respectively; P < 0.05, n ) 7)
with increasing concentration of HAs (HAs concentration
ranged from 1 to 10 g L-1; pH 7 adjusted with NaOH 0.1 mol
L-1) (Figure 3). The ability of HAs to solubilize PCE is
represented by the partitioning coefficient (Kdom) or its
logarithmic form (Log Kdom) (16) (Table 2), which represents
the ratio of the equilibrium concentrations of a hydrophobic
organic compound within a HA complex and in the free
aqueous phase (16, 33–35).
The slope of the line in Figure 3 indicates the apparent
solubility of the PCE per gram of HA-surfactant (Table 2).
From the slope we calculate that 0.18, 0.22, 0.14, and 0.48 g
of PCE were solubilized for each gram of aqueous biosur-
factant for HAL, HALC, HALF, and HALFC, respectively. These
values were 5.4-18.2 times higher than those reported for
commercial HAs (0.026 g g-1 HA) (16).
HAs isolated in this work are more hydrophilic than
commercial-HAs, as suggested by the hydrophilic/hydro-
phobic average ratio of 1.49 ( 0.11 (mean ( SD, n ) 4),
which is lower than the value calculated for commercial-
HAs of 2.70 (32) (see Table S4). Greater hydrophilicity was
the consequence of a higher content of nonionic hydrophilic
FIGURE 2. TEM micrographs of HALFC at concentration below
and above critical micelle concentration. (a) Small globular
units of about 10 nm and aggregates of 20–30 nm visible at the
0.4 × CMC HALFC concentration. (b) Enlargement of the associa-
tion in different patterns of three to five 10 nm units, indicated
by an arrow. (c) Larger aggregates of about 70–100 nm visible
at 4 × CMC HALFC concentration. Similar results were obtained
with an aqueous solution of 2% uranyl acetate (see Supporting
Information Figure S1).
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molecules as polysaccharide and proteins as detected by 13C
CP MASNMR (see 13C CP MAS NMR area of 47–108 ppm in
Table S3).
An increase of hydrophilicity with respect to lipophilicity
(hydrophile-lipophile balance designated HLB) in poly-
ethoxylate nonionic surfactants has been reported to increase
the micelle-water partition coefficient (Log Km) of chlori-
nated alkenes (including PCE) based on the two-site model
of solubilization: solute partitioning into the micellar hy-
drophobic core and dissolution and/or binding into the
hydrophilic polyethoxylene shell (5). A possible explanation
of the dissolution/binding process can be found in the
formation of an electron donor–acceptor complex between
PCE and the nonionic portion of HAs (5). Electron donors
are represented by R2O and R3N, contained in carbohydrate
and amide fractions of HA. Electron donors are represented
by the unsaturated hydrocarbons of PCE. Thus, we explain
the greater solubilization of PCE by HAs from organic waste
than by commercial HAs as the consequence of the presence
of a more defined and consistent hydrophilic shell, able to
interact with PCE.
The ability of nonionic synthetic surfactants to solubilize
PCE has been reported in the literature (12, 13). When
synthetic nonionic surfactants Triton X-100 and Tween 80
were dosed at the same concentration as HAs their capability
to solubilize PCE were described by power equations (y )
a + bxc) (R2 of 0.998 and 0.997 for Triton X-100 and Tween
80, respectively; P< 0.05, n) 7) (Figure S2). As at surfactant
concentration lower than 1 g L-1, no significant enhancement
for PCE solubility was observed with respect to water
solubility, which is consistent with previous research (12).
PCE solubility for both Triton X-100 and Tween 80, was
modeled starting from the concentration of 1 g L-1 using a
linear regression (36) (Figure 3). The data were well described
by linear models (R2 of 0.962 and 0.972 for Triton X-100 and
Tween 80, respectively; P< 0.05, n) 6). The slope of the line
in Figure 3 indicates the apparent solubility was 1.08 and
0.69 g of PCE for each gram of aqueous surfactant for Triton
X-100 and Tween 80, respectively (Table 2). These solubilities
were only 2.3 and 1.5 times greater than the best-performing
tested HAs (HALFC), but 41 and 25 times greater than
commercial-HAs (16).
The development of environmentally friendly biobased
surfactants that have solubilization capacities for hydro-
phobic organic compounds (such as PCE) that are compa-
rable to synthetic surfactants could be of great importance
for technologies that require massive utilization of surfac-
tants. Our result showed a high capability of HAs isolated
from organic wastes to solubilize PCE. Moreover, the
combination of organic wastes with different compositions
and simple biotechnology, such as composting to modify
waste characteristics, offers the opportunity to obtain,
theoretically, infinite HAs with different chemical charac-
teristics and surfactant properties. This fact appears more
important in the context of the modern issue of renewable
versus nonrenewable sources of chemical compounds for
the above uses (17).
Further research is needed to better understand the
correlation between waste composition, composting dy-
namics, waste-derived HA characteristics, and their surfactant
properties, including solubilizing ability for organic com-
pounds. Such work could allow producing tailor-made HA-
surfactants for different applications.
Supporting Information Available
Tables S1-S6, Figures S1 and S2, and refs S1-S5 are shown.
This material is available free of charge via the internet at
http://pubs.acs.org.
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FIGURE 3. Equilibrium solubilization data for PCE by humic
acids (HA) and synthetic surfactants (Triton X 100 and Tween
80). The regression of the total PCE concentration (free aqueous
plus surfactant-bound), SW* (g L-1), against the surfactant
concentration is described by the equation SW* ) CWsat + CWsat
Kdom CSU, in which CWsat (g L-1) is the normal water solubility of
PCE, Kdom represents the concentration of hydrophobic organic
compound within humic acids that is in equilibrium with a
particular concentration of hydrophobic organic compound in
the free aqueous phase, and CSU is the concentration of
surfactant in water solution (g L-1). The slope of the regression
calculated as Kdom CWsat, represents grams of PCE solubilized
per grams of surfactant. Data points were averaged from
triplicate; error bars ( SD are not visible if they are hidden by
the symbol. HAL are humic acids obtained from lignocelluloses
wastes; HALC are humic acids obtained from lignocellulose
wastes after 15 days of composting process; HALF are humic
acids obtained from lignocellulose plus food waste mixture in
the ratio of 1/1 (v/v); HALFC are humic acids obtained from
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HALFCe 3.50b 0.4720
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